Glucose transporter 1 (GLUT1) expression is a prognostic marker for esophageal squamous cell carcinoma (ESCC). Recent work on GLUT1 and development of specific inhibitors supports the feasibility of GLUT1 inhibition as a treatment for various cancers. The anti-proliferative effects of GLUT1-specific small interfering RNA 
(siRNA) and a GLUT1 inhibitor were evaluated in ESCC cell lines. Expression of proproliferative and anti-proliferative signaling and effector molecules was examined by western blotting and quantitative RT-PCR. GLUT1 expression in pretreatment clinical biopsy samples was measured by immunohistochemistry and correlated with various clinicopathological parameters and response to chemotherapy. The reduction in standardized uptake value (SUV) of 18 F-fluoro-deoxyglucose was calculated using the formula: ([pretreatment SUV max -posttreatment SUV max ]/pretreatment SUV max ) × 100.
GLUT1-specific siRNA expression in ESCC cells inhibited their proliferation, increased expression of p27kip, and decreased expression of cyclin-dependent kinase 6, pyruvate kinase muscle isozyme M2, lactate dehydrogenase A and phospho-ERK1/2.
Suppression of GLUT1 by siRNA increased low-dose cisplatin-induced inhibition of proliferation of TE-11 ESCC cells, which express high GLUT1 levels. Similarly, BAY-876, a GLUT1 inhibitor, enhanced cisplatin-mediated inhibition of ESCC cell proliferation. GLUT1 expression in pretreatment biopsy samples was associated with the response to chemotherapy as well as the pathological tumor stage and histological response grade after esophagectomy. Finally, GLUT1-negative tumors showed a significantly larger reduction in SUV max (61.2% ± 4.5%) compared with GLUT1-positive tumors (46.2% ± 4.4%). GLUT1 expression may be a surrogate marker of response to chemotherapy, and inhibition of GLUT1 may be a potential novel therapy for ESCC patients.
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| INTRODUC TI ON
Esophageal carcinoma is an aggressive disease with a tendency to spread both locoregionally and distally, and it is generally treated with a multidisciplinary approach. 1 The Japan Clinical Oncology
Group Study JCOG-9204 showed that postoperative chemotherapy with 2 courses of 5-fluorouracil (5-FU) and cisplatin significantly prolonged the survival of patients with node-positive stage II/III esophageal squamous cell carcinoma (ESCC) compared with surgery alone. 2 Moreover, ESCC patients treated with preoperative chemotherapy survived longer than those receiving postoperative chemotherapy in the JCOG-9907 study. 3 Based on these findings, the current standard treatment for resectable stage II/ III ESCC in Japan is chemotherapy followed by surgery. Despite treatment with multiple anticancer drugs, however, the disease still progresses in some patients. The underlying mechanisms that determine the sensitivity/resistance of ESCC to anticancer agents remains unclear.
Cisplatin cytotoxicity is mediated via formation of cisplatin-DNA adducts, 4 which leads to irreparable DNA damage. Many chemotherapeutic drugs and radiation therapy induce oxidative stress in targeted cells; indeed, reactive oxygen species are required for radiation-induced DNA damage. Therefore, accumulation of antioxidants (eg, lactate) may induce or enhance resistance to radiation and some chemotherapies. 5 Cancer cells exhibit altered glucose metabolism, termed the Warburg effect, which is defined as increased uptake of glucose and conversion to lactate under conditions of adequate oxygen tension.
Expression of glucose transporter type 1 (GLUT1) is affected by environmental and cancer-specific metabolic events. GLUT1 expression is normally restricted to erythrocytes, endothelial cells at the blood-brain barrier and the placenta, and it is generally absent from normal epithelial cells. However, elevated GLUT1 expression has been observed in many epithelial malignancies, and high GLUT1 levels have been reported to be a prognostic marker for esophageal cancer. 6 Analysis of datasets from The Cancer Genome Atlas confirmed that patients with head and neck squamous cell carcinoma with a favorable immune and metabolic gene signature (high CD8A, high COX5B and low GLUT1) had better short-term and long-term survival compared with patients with an unfavorable signature. 7 Positive GLUT1 expression has also been associated with tumor regression grade and may be a useful predictive marker for response to chemoradiotherapy in rectal cancer. 8 However, the relationship between GLUT1 expression and chemotherapy resistance in ESCC remains unclear. The crystal structure of human GLUT1 has been reported, 9 and a potent GLUT1 inhibitor, BAY-876, was identified in a screen of approximately 3 million compounds. 10 These and other recent studies have suggested that GLUT1 inhibition may be a feasible cancer treatment.
One important goal for esophageal cancer therapy is the discov- 
| Cell proliferation analysis
Cell proliferation was measured using a kit based on the water- 
| Quantitative RT-PCR
RNA was isolated from the cell lines using an RNeasy Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer's protocol. 12 The expression levels of GLUT1, cyclin-dependent kinase 4 (CDK4), CDK6, p21cip1, p27kip, p53, GLUT3, hexokinase 2 (HK2), pyruvate kinase muscle isozyme M2 (PKM2), lactate dehydrogenase A (LDHA) and pyruvate dehydrogenase kinase isozyme-1 (PDK1)
were determined by qRT-PCR using TaqMan probes and the reactions were run on a LightCycler 480 System II (Roche Diagnostic, Basel, Schweiz). All qRT-PCR were performed in triplicate. mRNA levels were normalized to β-actin mRNA.
| Western blot analysis
Cells and tumors were lysed in RIPA buffer (25 mmol/L Tris-HCl, pH 7.4, 100 mmol/L NaCl) supplemented with 2 mmol/L EDTA and Halt
Protease and Phosphatase Inhibitor Single-Use Cocktail (Thermo). The membranes were probed with primary antibodies overnight at 4°C, followed by incubation with a 1:1500 dilution of peroxidase-conjugated anti-rabbit IgG antibody. Detection was accomplished with an enhanced chemiluminescence system (GE Healthcare, Piscataway, NJ, USA).
| Immunohistochemical staining of glucose transporter 1
Paraffin blocks of biopsy specimens were cut into 4-μm-thick sections and mounted on slides. Antigen was retrieved by microwaving the sec- 
| Evaluation of glucose transporter type 1 expression
Immunohistochemical staining of GLUT1 expression was evaluated by an experienced pathologist blinded to the clinical data. GLUT1
immunoreactivity was considered positive when a homogeneous intense staining was observed in the cell membranes of cancer cells, as previously reported. 13 The percentage of total cancer cells positive for GLUT1 in 3 randomly chosen high-power fields was calculated, and the average value was scored on a 3-point scale: weak, 0%-10%; moderate, 11%-50%; and strong, 51%-100%.
| Statistical analysis
Data are presented as the mean ± standard deviation (SD). Group means were compared using 2-tailed paired or unpaired Student's t-tests, as appropriate, based on the results of F-tests. The MannWhitney U-test was used for non-normally distributed data.
Categorical variables were compared using the χ 2 -test or Fisher's exact test as indicated. Statistical significance was defined as a P-value < 0.05. All data were processed and analyzed using JMP11 software (SAS Institute, Cary, NC, USA).
| RE SULTS

| Glucose transporter 1 expression and the anti-proliferative effects of siRNA-mediated glucose transporter 1 silencing in esophageal squamous cell carcinoma cell lines
To initiate our investigation of the effects of GLUT1 inhibition in ESCC, we analyzed GLUT1 protein and mRNA levels in 5 human ESCC cell lines. qRT-PCR and western blot analysis showed that the GLUT1 mRNA levels ( Figure 1A ) and protein levels ( Figure 1B ) were consistent between cell lines, with TE-11 cells showing the highest expression level. We next transfected TE-11, TE-10 and TE-8 cells (high, medium and low GLUT1 levels, respectively) with 2 GLUT1-specific siRNA or a scrambled control, and then determined the efficiency of silencing by RT-PCR. We found that GLUT1 mRNA ( Figure 1C ) and protein ( Figure 1D ) were strongly suppressed by both of the GLUT1-specific siRNA. We then examined the effects of GLUT1 silencing using a WST-9 cell proliferation assay. Indeed, TE-8, TE-10
and TE-11 cell proliferation was significantly reduced by transfection of GLUT1-targeting siRNA compared with control siRNA ( Figure 1E ), indicating that GLUT1 is required for ESCC cell proliferation. Based on these analyses, we selected TE-8 and TE-11 cells, which express low and high GLUT1 levels, respectively, to investigate the mechanism underlying the anti-proliferative effects of GLUT1 inhibition.
| Involvement of cell cycle-dependent kinases in the anti-proliferative effects of glucose transporter 1 inhibition
To clarify the mechanism by which GLUT1 silencing inhibits the proliferation of ESCC cells, we examined cell apoptosis by western blot analysis of cleaved poly (ADP-ribose) polymerase (cleaved PARP) levels and flow cytometric analysis of caspase-3 activity. These assays showed that neither PARP expression ( Figure 1F ) nor caspase-3 activity were influenced by GLUT1 siRNA expression, indicating that the anti-proliferative effect did not result from increased apoptosis. We next assessed whether expression of cell cycle-related genes was perturbed by GLUT1 inhibition. RT-PCR analysis of CDK4, CDK6, p21cip, p27kip and p53 showed that siRNA mediated GLUT1
silencing. CDK4 and p21cip levels were not significantly changed after using siRNA2 for GLUT1, suggesting the anti-proliferating effect of GLUT1 siRNA may result from decreased CDK6 and increase p27kip expression in TE-11 cells. A significant reduction in CDK6 mRNA and a significant increase in p27kip mRNA levels were detected in both TE-11 and TE-8 cells. The inhibition of TE-11 proliferation was stronger than that of TE-8 proliferation after using GLUT1 siRNA, as shown by changes to CDK6 and p27kip expression ( Figure 1G ). These data indicate that GLUT1 inhibition affects cell cycle regulation in ESCC cells. We next investigated whether the anti-tumor activity of cisplatin was affected by GLUT1 expression levels using GLUT1 siRNA. For this, TE-8 and TE-11 cells were transfected with GLUT1 siRNA for 48 hours and then incubated with 8 μg/mL cisplatin for an additional 48 hours. Indeed, the number of cancer cells gradually increased despite the presence of cisplatin after treatment with control siRNA, but the number of cancer cells was markedly reduced by transfection with GLUT1-targeting siRNA ( Figure 2B ). Moreover, very low doses of cisplatin (0.2 and 0.4 μg/mL) had a strong inhibitory effect on the proliferation of TE11 cells transfected with GLUT1-specific siRNA, but not with control siRNA (Figure 2C ), indicating that GLUT1 silencing enhances the potency of cisplatin.
| Enhanced
| Expression of glycolysis-related proteins in esophageal squamous cell carcinoma cells after glucose transporter 1 silencing
Tumor expression of a number of glycolysis-related proteins, including GLUT1, GLUT3, HK2, PKM2, LDHA and PDK1, is reportedly associated with the prognosis of patients with various gastrointestinal cancers. 14 Therefore, we next asked whether GLUT1 silencing influenced the expression of these proteins in ESCC cells. Of note, PKM2 and LDHA mRNA levels were highly expressed in both TE-8
and TE-11 cells ( Figure 2D ). We detected no effects of GLUT1 silencing on the expression of these genes in TE-8 cells, which express low GLUT1 levels (data not shown). In TE-11 cells, however, HK2 mRNA levels were significantly increased, whereas PKM2 and LDHA mRNA levels were significantly decreased and GLUT3 expression was unaffected in GLUT1-silenced cells compared with control cells ( Figure 2E ). We also examined activation of the mitogen-activated protein kinase (MAPK) pathway, which has been reported to be associated with PKM2 and GLUT1 expression. 15, 16 We found that phosphorylation of extracellular signal-regulated kinase (ERK)1/2 on Thr202/Tyr204 was reduced in TE-11 cells transfected with GLUT1
siRNA compared with control siRNA, whereas phosphorylation of AKT on Ser473 was unaffected ( Figure 2F ). Taken together, these data indicate that GLUT1 knockdown affects signaling through the MAPK pathway and expression of glycolytic enzymes, suggesting that suppression of glycolysis is a potential mechanism for the antitumor activity of cisplatin.
| Additive anti-proliferative effects of the glucose transporter 1 inhibitor BAY-876 in combination with cisplatin
As an alternative method of suppressing GLUT1 activity, we tested respectively, and of TE-11 cells by 46.0% ± 6.5%, 51.0% ± 8.2% and 15.4% ± 3.7%, respectively, compared with the vehicle-treated control cells ( Figure 2H ). These data suggest that the small molecule inhibitor BAY-876 exerts anti-proliferative effects on ESCC cells at low concentrations and acts in an additive manner when combined with cisplatin.
| Association between pretreatment glucose transporter 1 expression levels and the reduction in FDG SUV max in esophageal squamous cell carcinoma patients after chemotherapy
Having established that GLUT1 inhibition can enhance the sensitivity of ESCC cells to cisplatin in vitro, we next asked whether tumor levels of GLUT1 could predict the response of patients to platinum-based therapy. GLUT1 expression was analyzed by immunohistochemistry in primary ESCC tumor biopsies from 97 patients prior to mDCF chemotherapy, and positive staining was detected in 49 (50.5%) of samples ( Figure 3A ). GLUT1 expression was not significantly associated with any pretreatment clinicopathological factors (Table 1) This patient subset showed a similar reduction in FDG SUV max (P = 0.0099, 62.6% ± 5.7% and 43.5% ± 5.4% for GLUT1-negative and GLUT1-positive patients, respectively; Figure 3C ). Finally, we found that the pathological tumor stage (P = 0.0069) and the histological response grade (P = 0.0292) were significantly associated with GLUT1 expression in the pretreatment biopsy samples (Table 2 and Figure 3D ).
| D ISCUSS I ON
In this study, we demonstrated the anti-proliferative effect of inhibition of GLUT1 expression and activity and the association between sensitivity to chemotherapy and GLUT1 expression in ESCC cell lines. Silencing of GLUT1 resulted in a significant reduction in CDK6, PKM2, LDHA and phospho-ERK1/2 expression and a significant upregulation of p27kip. Furthermore, inhibition of GLUT1 by siRNA or BAY-876 increased the sensitivity of ESCC cells to low-dose cisplatin. Finally, we showed that GLUT1 expression in pretreatment biopsy samples was significantly associated with the patient response to chemotherapy.
We previously demonstrated that positive GLUT1 expression was associated with depth of invasion and vascular invasion in ESCC and was also a biomarker of hematogenous recurrence. 13 Therefore, in the present study, we investigated the anti-proliferative effect of inhibiting GLUT1 expression. Previous work had shown that mutations in cell cycle regulatory genes are common in ESCC. For example, in 1 study, 2 key regulatory proteins, CDKN2A/2B and CCDN1, were deleted in 47.9% and amplified in 46.5%, respectively, of ESCC tumors. 17 CDKN2A/2B is also deleted in the TE-11 ESCC cell line employed here. CDK6 is a serine/threonine kinase that forms active complexes with cyclin D1 and promotes cellular proliferation by phosphorylating and inactivating key substrates. CDK6 overexpression is associated with poor survival and may be a marker of aggressive behavior in esophageal cancer. 18 Inhibitors of cyclin Dassociated kinases have been proposed as potential cancer therapeutics. 19 p27kip also plays a key role in coordinating CDK activity during the cell cycle. In this study, we found that CDK6 and p27kip expression was decreased and increased, respectively, in TE-8 and TE-11 cells after inhibition of GLUT1 expression, suggesting that these proteins may be involved in the anti-proliferative effect of inhibiting GLUT1 expression.
Glucose transporter 1 (GLUT1) expression is regulated by the activity of many genes, including hypoxia-inducible factor-1, MYC and PKM2. 14 In human cancer cells, signaling via the epidermal growth factor receptor induces ERK-dependent phosphorylation of PKM2, leading to PKM2 nuclear translocation and upregulation of GLUT1
and LDHA expression. 9 High expression of GLUT1 is associated with resistance to chemoradiotherapy in ESCC, 20 rectal cancer 8 and oral squamous cell carcinoma. 21 However, the mechanism by which low GLUT1 expression is linked to chemosensitivity is unclear.
We demonstrated that suppression of GLUT1 in TE-11 cells caused downregulation of phospho-ERK1/2, PKM2 and LDHA, which could reflect that a reduction in glycolytic activity LDHA expression is associated with chemosensitivity in breast cancer. 22 Esophageal cell lines with low expression of GLUT1 tended to have higher sensitivity to cisplatin than those with high expression of GLUT1 based on online database findings. In addition, we found that the anti-proliferative effect of cisplatin was increased after inhibition of GLUT1 expression via genetic or pharmacological approaches.
The GLUT family of proteins comprises 14 members in 3 classes:
1 (GLUT1-4 and 14), 2 (GLUT5, 7, 9 and 11) and 3 (GLUT6, 8, 10 and and MYC, which are activated in cancers with increased GLUT1 expression. GLUT3 expression has also been associated with poor prognosis in various cancers. 23 However, we did not detect a compensatory upregulation of GLUT3 expression in ESCC cells after inhibiting GLUT1. In contrast, HK2, which catalyzes the conversion of glucose to glucose-6-phosphate, was upregulated in GLUT1-silenced cells. High expression of HK2 confers a poor prognosis in hepatocellular cancer 24 and gastric cancer. 25 We have also found However, the proliferation of GLUT1-negative tumors was inhibited by cisplatin, so the uptake of glucose may be decreased. We speculate that the difference in the reduction of SUVmax between GLUT1-positive and GLUT1-negative tumors is associated with the sensitivity to chemotherapy. We found that the GLUT1 expression level in pretreatment biopsy specimens was associated with the response to chemotherapy according to the historical response grade, pathological tumor stage and reduction in FDG SUV max . Therefore, pretreatment tumor expression of GLUT1 may be a useful biomarker for estimating the response to chemotherapy.
Several small molecule GLUT1 inhibitors have been investigated for ESCC therapy. In a nude mouse study, daily intraperitoneal injection of 10 mg/kg WZB117 for 10 weeks resulted in >70% reduction in the volume of human lung cancer xenografts. 26 However, this beneficial effect was accompanied by a body weight loss of approximately 1-2 g, aberrant lymphocyte and platelet counts, and hyperglycemia. 26 Of the several additional small molecule GLUT1 inhibitors described in the literature, 50 μmol/L resveratrol, 27 30 μmol/L WZB117 26 and 30 μmol/L salicylketoxime 28 have all shown efficacy in vitro. However, BAY-876 shows a high selectivity and affinity for GLUT1, 10 and we found that 0.1 nmol/L BAY-876 exerted a strong anti-proliferative effect on the ESCC cell lines examined here.
In conclusion, this study demonstrated that downregulation of GLUT1 expression had a strong anti-proliferative effect in ESCC cells and also improved their sensitivity to cisplatin. These results suggest that GLUT1 inhibitor, alone and in combination with cisplatin, could have potential utility as a therapy for ESCC. Moreover, our observations indicate that the pretreatment level of GLUT1 in ESCC tumors could be a predictive biomarker of the therapy response of patients with high GLUT1-expressing tumors.
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